This study assessed the effectiveness of autologous bone marrow stromal cell transplantation for the repair of full-thickness articular cartilage defects in the patellae of a 26-year-old female and a 44-year-old male. These two patients presented in our clinic because their knee pain prevented them from walking normally. After thorough examination, we concluded that the knee pain was due to the injured articular cartilage and decided to repair the defect with bone marrow stromal cell transplantation. Three weeks before transplantation, bone marrow was aspirated from the iliac crest of each patient. After erythrocytes had been removed by use of dextran, the remaining nucleated cells were placed in culture. When the attached cells reached subconfluence, they were passaged to expand in culture. Adherent cells were subsequently collected, embedded in a collagen gel, transplanted into the articular cartilage defect in the patellae, and covered with autologous periosteum. Six months after transplantation, clinical symptoms (pain and walking ability) had improved significantly and the improvement has remained in effect (5 years and 9 months posttransplantation in one case, and 4 years in the other), and both patients have been satisfied with the outcome. As early as 2 months after transplantation, the defects were covered with tissue that showed slight metachromatic staining. Two years after the first and 1 year after the second transplantation, arthroscopy was performed and the defects were repaired with fibrocartilage. Results indicate autologous bone marrow stromal cell transplantation is an effective approach in promoting the repair of articular cartilage defects.
INTRODUCTION
has started recently (1) , but some problems remain unsolved. These include difficulties in obtaining sufficient chondrocytes, defects associated with autologous cartiArticular cartilage defects have a weak potential for self-repair because of the reduced mitotic capacity of lage tissue collection, and insufficient histological repair (7) . Multiple autologous osteochondral grafting (mosaic chondrocytes in vivo (2) . Because some patients with articular cartilage defects may progress to osteoarthritis plasty) can result in the repair of articular cartilage defects through the formation of hyaline-like cartilage. as described previously, such defects need to be repaired even though their exact natural course remains obscure This procedure is also limited by defects in donor sites, insufficient repair between the grafts, and technical dif- (6, 8, 12) .
Traditional methods for repair, such as multiple perficulties in resurfacing the original curvature of the joint surface (7, 11) . forations (9), abrasion arthroplasty (3), and microfracture (4), have not produced consistent satisfactory longWe reported previously that transplantation of autologous bone marrow stromal cells (MSC) expanded in culterm clinical results. Studies using animal models showed that the repair tissue produced with these methods is ture could result in the repair of articular cartilage defects in human osteoarthritic knees (16). This method is mainly fibrocartilage, not hyaline cartilage, and is subject to subsequent degradation (5, 10, 13 . Because the volume of the collagen with cells was about 3.6 ml, the gel-cell composite was formed drocytes.
The purpose of this study was to evaluate the clinical with a thickness of 2 mm. The composite was then put in place and covered with autologous periosteum taken results obtained with autologous MSC expanded in culture for the treatment of full-thickness chondral defects from the anterior surface of the tibia with the cambium layer facing the bone marrow. The flap was sutured to in human patellae.
the surrounding rim of the normal cartilage or soft tissue CASE 1 with interrupted absorbable sutures. Continuous passive motion was started 3 days after surgery but otherwise The first case involved a 31-year-old female patient. At 23 years of age, the articular cartilage in her left pathe knee was immobilized with a brace for 3 weeks. Partial weight bearing was started 3 weeks and full tella had been treated with arthroscopic shaving at another institute because of chondromalacia in her patelweight bearing 6 weeks after the operation. The pain in the knee diminished and the patient was able to walk lae. However, following this surgical procedure, her left knee pain did not diminish and she had to walk with a without crutches or a cane 6 months after the operation. The knee range of motion remained somewhat limited crutch. She came to our hospital when she was 25 years old because the pain prevented her from walking norfrom 0°to 120°. Arthroscopic surgery on March 17, 1998 (7 weeks mally. Physical examination established patello-femoral crepitation and anterior knee pain. The range of motion postoperatively) showed that the patellar articular surface was completely covered with tissue that exhibited of the left knee was restricted to between 0°and 130°. The X-ray findings demonstrated narrowing of the paslight metachromatic staining upon histological examination. tello-femoral joint space and magnetic resonance imaging deficiency of the patellar articular cartilage. After thorArthroscopic surgery on October 25, 2000 (2 years postoperatively) showed that the patellar articular surough examination of her left knee, we concluded that the other parts of the knee were normal and that the knee face was completely covered with cartilage-like tissue, which appeared to have a smooth surface and a firm pain was due to the injured articular cartilage of the patella. A few months of conservative treatment, such as consistency as established by probing. Histological examination of a tissue specimen taken from the surface muscle training, thermotherapy, medication with painkillers, and intra-articular injection of hyaluronic acid, of the articular cartilage in the graft area demonstrated the presence of a matrix with strong metachromatic did not result in improvement in the pain. We decided to perform autologous transplantation of MSC expanded staining but with a fibrous appearance, leading us to conclude that this was fibrocartilaginous repair tissue. in culture to repair the articular cartilage defect in the patella with the informed consent of the patient.
At the time of writing this report (5 years and 9 months after transplantation) the patient could walk, run without Ten milliliters of heparinized bone marrow was aspirated from the left iliac crest. After erythrocytes had been ambulatory support, do housework without knee pain, and was satisfied with the outcome of the transplantaremoved with dextran, the remaining nucleated cells were cultured in Dulbecco's modified Eagle's medium tion. (DMEM) supplemented with 15% fetal calf serum. After CASE 2 3 days of culture, attachment of cells was observed and when the medium was changed, nonadherent cells were
The second case involved a 48-year-old male patient. The articular cartilage of his right patella had been inremoved with the medium. After approximately 10 days, the attached cells had achieved subconfluence and were jured in a traffic accident when he was 44 years old, and he came to our hospital 4 months after the injury. He then passaged to expand in culture. After another 10 days, on the day before surgery, 1.8 × 10 7 cells were colhad been suffering from right knee pain that caused him to limp and made stair climbing difficult. Physical exlected and embedded (5 × 10 6 cells/ml) in 0.25% type I acid-soluble collagen from porcine tendon (Nitta Gelatin amination showed neither patello-femoral maltracking nor ligamentous instability, but retropatellar crepitation Inc., Osaka, Japan) and gelated. This gel-cell composite was then cultured overnight in DMEM supplemented accompanied by pain. Computed tomography demonstrated a partial depression in the patella, and arthroswith 15% autologous serum.
The transplantation surgery took place on January 27, copy showed that the medial area of the patella's articular cartilage was fibrillated. 1998. After a medial parapatellar approach, all of the fibrous tissue covering the surface of the patella was A careful examination of the knee led to the conclusion that the knee pain was due to the injured articular removed, the subchondral bone was exposed, and multiple perforations using K-wire with a 1.5-mm diameter cartilage of the patella. As for the first case, conservative treatment was initiated but the pain also did not diminish were made to facilitate bleeding. The area of the fullthickness cartilage defects in the left patella was about for this second patient. We therefore decided on autolo-gous transplantation of MSC expanded in culture to reHowever, the repair was much faster than natural repair or repair with conventional marrow stimulation techpair the articular cartilage defect in the patella with the patient's informed consent.
niques. As early as 2 months after transplantation, the defects were covered with cartilaginous tissue. More imMSCs (1.4 × 10 7 ) were prepared in the same manner as for the Case 1 patient. They were embedded in collaportantly, the clinical symptoms were reduced dramatically and remained good for a long time, although both gen solution with the same cell density (5 × 10 6 cells/ml), but in this case they were put on a collagen sheet (Koken patients continued to show slightly limited knee motion. It is conceivable that the repair in these cases was to Inc., Tokyo, Japan) and gelated. The collagen sheet containing the cells was transplanted. The transplantation some extent due to multiple perforations or the periosteal flap used simultaneously with the cell transplantasurgery was performed on November 12, 1999. The medial part of the articular cartilage was found to be damtion. However, we concluded that cell transplantation was the key contributor to the repair seen in the two aged (Fig. 1) . The injured articular cartilage was removed, the subchondral bone was exposed, and multiple cases reported here because of the following reasons. Firstly, it is possible that periosteal transplantation after perforations were made to facilitate bleeding from the bone marrow. The area of the full-thickness cartilage skeletal maturity may not result in the repair of articular cartilage defects because the chondrogenic potential of defect in the right patella was about 4.5 cm 2 . Because the sheet measured about 10 cm 2 , almost half of the cells periosteum reportedly declines significantly with age (14). Secondly, the clinical outcome has persisted for were used. The sheet was put in place and covered with autologous periosteum with the cambium layer facing almost 6 years, although tissues repaired with multiple perforations are reported to result in tissue degradation the bone marrow (Fig. 1) . The postoperative physiotherapy program was the same as for the first case except over time (5,9,10,13). We previously reported that MSC transplantation for for the omission of immobilization.
Arthroscopic surgery on January 11, 2000 (2 months the repair of articular cartilage defects was effective in humans because the arthroscopic and histological repair postoperatively) revealed that the patellar articular surface was completely covered with tissue that was softer in the cell-transplanted group was superior to that in the cell-free group (16). In that report, we transplanted than the surrounding normal articular cartilage (Fig. 2) .
Six months after the operation, the patient no longer MSCs into the articular cartilage defects in the medial femoral condyle of osteoarthritic knees in the same manexperienced his initial symptoms during daily activities, although the knee range of motion was limited from 0°ner used in the cases studies described in this article.
Tissue repair was judged to be of higher quality in our to 130°.
One year after transplantation, arthroscopy and neeprecious studies, although the observation period was shorter. Differences in the final location of transplanted dle biopsy were performed. Arthroscopy showed that the color and hardness in the graft area were similar to those materials may also influence the outcome of this approach. of the surrounding normal cartilage. Histological examination showed that the repair tissue was fibrocartilagiAnother procedure for cartilage repair by cell transplantation is autologous chondrocyte implantation, nous (Fig. 3 ). Fibroblastic cells with spindle-shaped nuclei and scattered chondrocytes with lacunae were also which has been widely performed in the United States and Europe. However, the outcome of repair by means observed. There was no evidence of inflammatory cells or vascular proliferation.
of cell transplantation remains controversial. With autologous chondrocyte implantation, clinical symptoms imAt present (4 years after transplantation), the patient can work without knee pain as a truck driver in the same proved but histological examination showed that repair is insufficient (1,7) . Furthermore, it has been reported manner as before the injury and is satisfied with the outcome of the transplantation.
that with this procedure, repair in the patella was substantially inferior to that in the femoral condyle (1) . It is This study was performed in accordance with the ethical standards of the hospital committee on human expossible that repair by cell transplantation in the patella is inferior to that in the femoral condyle because of cerperimentation and of the World Medical Association Declaration of Helsinki.
tain mechanical properties or the small amount of bone marrow in the patella. Therefore, we concluded that the DISCUSSION outcomes of our procedure are not inferior to those of autologous chondrocyte implantation, although the reThis article describes autologous MSC expanded in culture transplantation procedures used to treat two pair in our cases was accomplished with fibrocartilage, not hyaline cartilage. patients with large patella articular cartilage defects. Histological examination showed that the defects of the Moreover, autologous MSC transplantation is clinically much easier to perform because there are no side patellar cartilage of both patients were repaired with fibrocartilage and not with complete hyaline cartilage.
effects associated with cell collection, which can be per- formed under partial aesthesia in the outpatient clinic. only, which was too soft and brittle. For the second patient, we used collagen gel together with a collagen sheet, This also means that surgery is required only once. Furthermore, no bone or cartilage defects remain after colwhich was much easier to handle. However, the eventual outcomes of these two patients were very similar. lection of autologous cells, and MSCs can proliferate without losing their capacity to differentiate (15).
For these reasons, autologous MSC transplantation can be considered to be a highly promising method for Cells embedded in collagen gel can be firmly secured in the defect. For the first patient, we used collagen gel the repair of articular cartilage defects. Microscopic appearance of the repair tissue 1 year after transplantation in the second patient. Toluidine blue staining (original magnification ×100). Scale bar indicates 100 µm. Intracellular matrix showed strong metachromatic staining but with a fibrous appearance. Fibroblastic cells with spindle-shaped nuclei and scattered chondrocytes with lacunae were also observed.
